The frequency of occurrence of cosmic-ray bursts under large thicknesses of iron an d lead has been investigated as a function of the thickness. A definite m aximu m is found to occur in the curves for the smaller bursts, its prominence diminishing w ith bursts of increasing size.
I t is now well known th at the cosmic radiation reaching the earth's surface com prises two main ionizing components, a soft component consisting of fast electrons. and a hard component consisting of mesotrons.
The fast electron component is absorbed in a few centimetres of heavy material as the result of a cascade process in which each fast electron gives rise to a shower of soft electrons. The frequency of showers of a given size rises to a maximum and then falls again as the thickness of the material is increased, giving the familiar 'Rossi curve'. The processes involved have been fairly extensively investigated with various arrangements of coincidence counters, and with ionization chambers which record bursts of ionization produced by showers, and the main features of the observations have been satisfactorily accounted for by the quantum theory (Froman & Stearns 1938) .
.The Rossi curve, after an initial fall beyond the maximum, flattens out and then falls off much more slowly, indicating the presence of a harder component, the mesotron component, capable of penetrating several metres of heavy material. The occurrence of large cosmic-ray bursts under great thicknesses of m atter has been ascribed to the following process (Christy & Kusaka 1941) . The mesotrons produce fast electrons, either (a) in head-on collisions with atomic electrons, or (6) through the intermediary of hard quanta produced by retardation of the mesotrons in nuclear collisions ('Bremsstrahlung'), these quanta subsequently giving rise to fast electron pairs. The fast electrons then give rise to showers of slower electrons by cascade. I t was thought for some time th at for these larger thicknesses, corresponding to the flatter part of the Rossi curve, equilibrium between mesotrons and electrons was reached, and th at the showers of electrons formed did not extend over large areas. Certain observers have, however, obtained indications of the occurrence of more complicated processes than those mentioned above. Some, using coincidence counters, have found traces of a second maximum in the Rossi curve a t about 30 cm. of iron and about 17 cm. of lead, though others have been unable to confirm this result (for a list of references see Nereson 1942) . Swann & Ramsay (1940a) , using large numbers of self-recording counters arranged in layers, one under the other, have determined the rate of occurrence of two-particle showers under different thicknesses of tin, and found a second maximum in their curve. Broussard & Graves (1941) , using an expansion chamber, have investigated the frequency of occurrence of two-particle showers in lead, and obtained a maximum frequency under 17 cm.
The suggestion (Bhabha 1938; Heitler 1938) th at the second maximum in the Rossi curve is due to the production of mesotrons in the material receives support from more recent calculations (Heitler 1941; Wilson 1941; Heitler & Peng 1942) , which have shown th a t there is an appreciable probability of the production of mesotron showers by sufficiently energetic primary mesotrons. That such multiple processes involving mesotron creation do occur is now confirmed by a number of experiments (see Discussion).
We have observed the frequency of occurrence of bursts under thicknesses of iron ranging from 14 to 90 cm., and of lead ranging from 10 to 40 cm., and found a pronounced maximum which, it would seem, arises from the production of mesotron showers. We have also observed the burst frequency using two ionization chambers of different sizes as well as different arrangements of the larger chamber and shielding material, and obtained somewhat unexpected results. A mechanism is proposed for the explanation of these results as well, in terms of the production of mesotron showers in the material.
A ppa r a tu s Most of the measurements were carried out with a large cylindrical steel ioniza tion chamber of wall thickness 0-3 cm. containing air at a total pressure of 7-2 atm. The electrodes were in the form of concentric cylinders of length 57-5 cm., and diameter 22*3 and 5-0 cm. respectively, and consisted of two iron wire grids soldered to iron-rod frameworks with zinc to minimize the 'natural effect'. The chamber was assembled and used in a laboratory which has always been free of radioactive contamination. Some measurements were also taken with a small duralumin chamber of wall thickness 1 cm. containing air at a total pressure of 90 atm. The electrodes, of spun aluminium, were approximately in the form of concentric cylinders of mean diameter 10-0 and 4-0 cm. respectively with hemi spherical ends.
For the first runs the high potential for the electrodes was obtained from 704 small dry cells, arranged in eleven boxes placed one above the other and carefully insulated from each other. After some weeks of hot weather these batteries began to dry out, and gave fluctuations of voltage which, though relatively small, were for our purpose hopelessly big. I t has previously been pointed out (Carmichael 1936 ) th a t in this work sudden fluctuations in the potential of more th an 1 p art in 106 must be avoided. The dry batteries were replaced by 30 new Fxide 10 V highamplifier F ig ure 1. G eo m etrical a rra n g e m e n t o f th e c h a m b e rs w ith iro n sh ield in g . tension units, and these have continued to give the necessary steadiness. While the smaller potential resulted in a longer time of collection of the ions, this should not affect the variation of the burst frequency with thickness of material above the chamber.
The inner cylindrical electrode was connected directly to the control grid of an electrometer valve set up in a balanced circuit (du Bridge 1933) , and changes in the steady plate current were detected with a Moll galvanometer of period 0*2 sec. The galvanometer was shunted with a resistance of 90 ohms to damp irregular oscillations of the mirror. The motion of the spot of light reflected from the galvano meter mirror was recorded photographically on a sheet of Insurance Bromide, Grade A, wrapped round a cylindrical drum driven by a small synchronous motor, the drum moving laterally as it rotated on its axis. This camera was designed and constructed by Mr J. A. Linton, of the workshop staff. After considerable experience had been gained in identifying very small kicks due to bursts, the drum was finally geared down to give a film speed of 7 mm./min., and a single sheet of bromide paper then sufficed for a 24 hr. run. A high-resistance leak was connected between the control grid and the filament of the valve, so th a t after the sudden kick produced by a burst, the trace on the film returned to the zero line with a half-time of about 8 sec. The kicks on the film were subsequently measured with a travelling microscope carrying a vernier reading to 0*01 mm., and kicks smaller than 0*40 mm. were rejected as falling below the limit of certain detection. While the counts may have included small spurious kicks due to statistical fluctuations or to groups of contamination alpha-particles, it will be clear from the nature of the results obtained th at any such kicks formed a relatively unimportant back ground of constant magnitude, on which were superposed larger real effects of particular interest.
In order to estimate the sensitivity of the apparatus to shower particles, certain constants of the apparatus had to be determined. The capacities of the large and of the small chamber, together with th at of the shielded lead to the grid of the electrometer valve, were found to be 27 and 15 cm. respectively. The mean path length of a cosmic-ray particle through each chamber was calculated with the aid of a simple mechanical model: this model permitted the direct measurement of the path length for a large number of regularly spaced angles of incidence and points of entry of the ray into the chamber, and each value was suitably weighted ac cording to geometrical considerations and to allow for the drop in number of the shower particles with increasing angle of divergence from the vertical (Froman & Stearns 1938) . The mean path length was found to be 25*2 and 9*7 cm. for the large and small chambers respectively when placed with their axes of symmetry vertical, and 17*0 cm. for the large chamber when placed with its axis horizontal. From these data a fairly accurate comparison of the sensitivities of the two chambers could be made.
Only the order of magnitude of the absolute sensitivities of the chambers could, however, be determined. In the first place the value of the mean specific ionization by cosmic-ray particles is somewhat uncertain: a mean value of 60 ion-pairs/cm. path in air a t n .t .p . was adopted. In the second place it was not found easy to estimate the factor introduced by the amplifying system. The method first employed was to find the deflexion produced on the film by applying a given steady potential to the control grid of the electrometer valve (Mohr & Stafford 1942) , but this method was later found to be unsatisfactory, probably because it does not closely reproduce the experimental conditions which exist when the amplifier is in opera tion with the ionization chamber. A more reliable method was adopted, which consisted in finding the deflexion produced on the film-actually 13 mm.-when a small potential was induced on the collecting electrode of the small chamber as a result of suddenly altering the potential applied to the chamber electrodes by 0*1 V. Account was taken of the fact that the capacity of the shielded lead from the chamber to the valve was approximately equal to the capacity of the small chamber, and th at on the average about one-fifth of the total charge collected by the chamber electrode has leaked away through the grid leak by the time the collection of the ions is complete. I t was then calculated th a t a 1 mm. kick corresponds approxi mately to a burst of 90 particles traversing the large chamber, or 10 particles in the small chamber, when the axis of each chamber is vertical.
When investigating bursts under thick layers of iron or lead, a square thickwalled enclosure of the same material was built up round the sides of the chamber to prevent electron showers from the walls and ceiling of the room reaching the chamber. The layer of material directly above the chamber overlapped the walls of the enclosure by a few cm. Since the precise geometrical arrangement was found to be of some importance, th a t used in most of the runs with iron is illus trated in figure 1 . The arrangement of the lead was similar, except th a t the thickness of the enclosure walls was 10 cm. instead of 14 cm. as for iron.
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R e su l t s
The results for the rate of occurrence of bursts of different sizes under different conditions are given in table 1. Their most interesting feature is found to lie in the manner in which the rate varies with the thickness of iron or lead above the chamber. This variation is shown in figures 2 and 3. 21 11 9 11 6 10 10 11 11 3 19 1 3 1 1*8-2*2 mm. 6 9 6 3 4 3 7 7 3 4 9 1 1 1 2*2-2*6 mm. 9 2 7 3 2 5 ___ 3 5 2 7 1 2*6-3*0 mm. (T he lim its o f e rro r refer to th e s ta n d a rd d ev iatio n .) I t will be seen th a t pronounced maxima occur for the smallest bursts a t about 20 cm. for lead and 75 cm. for iron, as against the values 17 and 30 cm. respectively a t which the second maximum is found to occur in the Rossi curves obtained with counters. The statistical error of the present results is not small enough to make it certain th a t there is not a slight maximum a t 30 cm. in our curves for iron in addition to the maximum a t 75 cm. In this connexion it would have been of interest to have extended the curve for lead beyond 40 cm. to see whether there was not a further m ax im u m , and it is unfortunate th a t it was not possible to do this with the amount of lead readily available to us.
While the maxima in our curves are presumably of the same nature as those found for two-particle showers by Swann & Ram say (1940 a) and by Broussard & Graves (1941) , our curves for kicks of 0-4-0'5 mm. correspond on the average to the passage of about 40 particles through the chamber.
Light was thrown on this point by taking runs w ith the smaller chamber under 46 cm. of iron and comparing the burst rates for the large and the small chamber. The comparison is best effected by plotting, as is usual in this work, the logarithm of the total number of kicks greater than a certain size against the logarithm of the size of the kick (figure 4). The data show th a t a kick of 0-4 mm. w ith the large chamber corresponds on the average to a burst comprising the same num ber of particles crossing the chamber as a kick of 3-5 mm. with the smaller chamber. We then find from figure 4 th a t kicks of over 0-4 mm. w ith the large chamber are about 100 times as frequent as kicks of over 3-5 mm. with the small chamber, whereas the ratio of the cross-sections of the chambers is only about 5. Hence the usual assumption th a t the burst rate under large thicknesses is proportional to the crosssection of the chamber, which is based in turn on the assumption th a t the bursts are due to fairly narrow showers diverging from a comparatively small area in the material above the chamber, is certainly not justified. The greatest caution is therefore necessary in comparing experimental data on the absolute frequency of large bursts with theoretical values, in attem pts to determine the spin or other properties of the mesotron (Christy & Kusaka 1941) .
Turning again to figure 4, it will be seen th a t while most of the points lie approxi mately on a straight line for each chamber, deviation from linearity occurs for the smallest bursts, as shown by the dotted lines. Such deviations are to be expected in view of the anomalous variation of burst rate with thickness for the smallest bursts. Furthermore, it is reasonable to expect th a t the point a t which the deviation begins should in each case correspond to a shower comprising, on the average, the same total number of particles in-all, N (say), bu t th a t the proportion of the rays entering the chamber will depend on the size of the latter, if the shower extends over a region comparable with the cross-section of the chamber. The bend in the curve for the large chamber occurs for a kick of 0-7 mm., corresponding to the passage of about 60 rays through the chamber, while for the small chamber the bend occurs for a kick of 1-0 mm. corresponding to the passage of about 10 particles through the chamber. This indicates th a t when an N-particle shower takes place above either chamber, approximately six times as many of the shower particles pass through the large chamber as through the small, and since the ratio of the cross-sections of the space enclosed between the electrodes is 5-4, it suggests th a t the shower particles extend over an area a t least as large as th a t of the circular section of the large chamber.
Considering now the observed frequency of occurrence of bursts due to these N-particle showers, figure 4 shows this to be 0*80 per hour for the large chamber and 0*22 per hour for the small chamber, or a ratio of 3'6. This value lies between the ratio, 5*4, of the cross-sections of the space between the electrodes for each chamber, and the ratio, 1*8, of the areas enclosed by the iron surrounding the chambers in each case, which is a reasonable result. The results, then, can be considered as due to burst particles originating, not just from one small region in the material above the chamber, but from different regions in this material and probably also in the material round the sides of the chamber. The part played by the walls was investigated by increasing the horizontal cross-section of the iron enclosure round the large chamber to five times the value previously used, and a t the same time increasing the area of the layer of iron above the chamber until it overlapped the walls of the enclosure, while keeping the thickness of the enclosure walls and the height of the material above the chamber the same. I t was found th a t the frequency of occurrence of the smallest bursts was reduced to about one-half, while th a t of the larger bursts was reduced to a much smaller fraction, only one of the 99 kicks recorded being over 1 mm. in size.
I t is obvious, therefore, th a t the walls of the smaller enclosure scatter many of the shower particles back into the chamber, the more so since the increased burst rate due to the greater proximity of the walls more than counterbalances the decrease in frequency to be expected from the smaller area of burst-producing material above the chamber. As for the largest bursts, their number is so greatly increased by the proximity of the walls, th a t the particles incident on the enclosure walls must surely be producing a number of secondary particles in the latter. The process may be regarded as one of the whole chain of events starting with a single mesotron and ending with burst particles, so th a t the material of the enclosure walls-just as much as the material above the chamber-may be considered as a region from which some of the groups of shower particles originate. Further evidence for the effect of the size of the enclosure on the burst rate is provided by a comparison of the burst rates with the large chamber and with the small chamber under 46 cm. of iron. The somewhat smaller enclosure used with the small chamber is seen from figure 4 to result in a less rapid decrease in the burst rate with in creasing size of burst than with the large chamber.
The geometrical arrangement of the large chamber with its surrounding material was finally altered by placing the chamber with its axis horizontal, surrounding the sides and ends with the smallest possible rectangular enclosure of the same wall thickness, and placing above it thicknesses of 14, 30, and 46 cm. of iron in turn. Again a much more rapid decrease in the frequency of occurrence of the larger bursts with increasing size of burst was observed than in the case of the upright chamber with its smaller enclosure. I t was also seen th a t the burst frequencythickness curves were similar in form between 30 and 46 cm. (though relatively higher a t 14 cm.) to those obtained for kicks of the same size when the chamber was erect. This indicates th a t although the mean path length of particles passing through the chamber is reduced by a factor of 0-7 when the latter is placed on its side, approximately the same total ionization is observed with either position of the chamber for showers comprising the same total number of particles, as is to be expected if the shower particles extend over a relatively large area.
D is c u s s io n
The appearance of a maximum in our curves a t large thicknesses is a phenomenon which must be closely related to th a t of the second maximum observed by Swann and Ramsay (1940®) using trays of counters for two-particle showers in tin, by Broussard & Graves (1941) using a cloud chamber for two-particle showers in lead, and by many others with coincidence counters. There seems little doubt now th a t these results are all due to multiple processes involving the production of mesotron showers. Heitler & Peng (1942) have shown th a t the probabilities of the production of showers of two or more mesotrons by a prim ary mesotron reach a maximum for certain definite values of the energy of the prim ary mesotrons; these values of the energy required to produce a maximum for showers of n particles increasing with n. The existence of mesotron showers has now been demonstrated by several ex periments. Schein, Jesse & Wollan (1941), and Carlson & Schein (1941) The mesotrons composing such showers will give rise to fast electrons a t some point in their path, and these fast electrons will in tu rn produce by the usual cascade process the electron showers which are observed as bursts under large thicknesses. Since the mesotron shower particles may diverge widely, they m ay give rise to electron showers in widely separated regions above and around the sides of the ionization chamber. This mechanism would account for the extensive nature of a t least some-especially the large-electron showers observed w ith the large chamber, while a t the same time giving the peaks in the burst frequency-thickness curves as characteristic of showers composed originally of a few mesotrons.
We have seen th a t the observed rate of production of bursts of different sizes depends very markedly on the geometrical arrangement of the chamber and the material surrounding it. The same geometrical dependence characterizes the results of some of the observers who have investigated the second maximum of the Rossi curve with counters (e.g. Schmeisej* & Bothe 1938) . To what extent the prominence of the peaks in the burst frequency-thickness curves depends on the particular geometrical arrangement is still to be investigated. Further experiments on this and other points are being carried out with the small chamber bv one of us (C. B. O. M.).
In conclusion we wish to thank Mr J. A. Linton and Mr G. Laing of the workshop staff for setting up the pressure chambers and for much valuable assistance. We are also indebted to the University of Cape Town for a generous research grant for the purchase of apparatus, without which this research could not have been undertaken.
* I t h a s b ee n su g g e sted t h a t th e se show ers m a y b e oi th e ex p lo siv e ty p e , b u t th e re is n o conclusive ev id en ce for th is .
